Tissue engineered scaffold is one of the hopeful therapies for the patients with organ or tissue damages. The key element for a tissue engineered scaffold material is high biocompatibility. Herein the poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) film was irradiated by the low temperature atmospheric plasma and then coated by the silk fibroins (SF). After plasma treatment, the surface of PHBHHx film became rougher and more hydrophilic than that of original film. The experiment of PHBHHx flushed by phosphate buffer solution (PBS) proves that the coated SF shows stronger immobilization on the plasma-treated film than that on the untreated film. The cell viability assay demonstrates that SF-coated PHBHHx films treated by the plasma significantly supports the proliferation and growth of the human smooth muscle cells (HSMCs). Furthermore, the scanning electron microscopy and hemotoylin and eosin (HE) staining show that HSMCs formed a cell sub-monolayer and secreted a large amount of extracellular matrix (ECM) on the films after one week's culture. The silk fibroins modify the plasmatreated PHBHHx film, providing a material potentially applicable in the cardiovascular tissue engineering.
INTRODUCTION
Tissue engineering (TE) [1] involves many issues including scaffold design [2] [3] [4] , cell culture and differenttiation [5] , bio-interfacial interaction between cell and material [6] [7] [8] , and tissue regenerative induction [9] . Tissue engineering opens a hopeful door for the patients who need organs or tissues repaired, replaced, or regenerated [10] . Apparently, one of the most significant issues of TE is the scaffold design. A sound scaffold not only supports the cell adhering and proliferating at the early stage in vitro [8] but also maintains the primary functions as an artificial organ in vivo [11] . In the past decade, the bio-synthetic biodegradable polyesters, polyhydroxyalkanoates (PHAs) [2, 12, 13] , have attracted many attentions and were widely investigated for the applications in the biomedical engineering, such as the scaffold of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx)/hydroxyapatite for bone reconstructtion [14] , the biocompatibility of PHBHHx for bone marrow stromal cells in vitro [15] , the microspheres of PHBHHx for the drug controlled release [16, 17] , the nanofibrous matrix of PHA for the better cell growth [4] and so on, because the PHAs have adjustable mechanical properties and biodegrading rates by varying the content x of hydroxyhexanoate (HH) in PHBHHx [2, 12, 18, 19] .
However, like most of polyesters, PHBHHx is also fair hydrophobic and not so proper for the cell adhesion and growth, and has no active functional groups for the attachment of biomolecules [12, 20] . As the results, some methods have been applied to improve the PHBHHx surface hydrophilicity and biocompatibility, for instance, the maleic anhydride was grafted onto the PHBHHx to form the maleated PHBHHx, which showed the improved biocompatibility, suitable mechanical properties as well as the accelerated biodegradation [21] . In addition, significant increase in the growth of the fibroblasts L929 was also observed on the films prepared by the ultraviolet-radiated PHBHHx powders [22] . Our group modified the PHBHHx films and porous scaffolds by coating silk fibroin (SF), demonstrating that the SFcoating highly improved the hydrophilicity of the scaffold and proliferations of cardiovascular related cells seeded on them [8, 23, 24] .
Low temperature plasma (LTP) is an effective method for modifying the material surface properties including wettability, topography and surface charge states. It can penetrate the material in depth of 10-100 Å without damaging the bulk material [25] [26] [27] [28] , therefore LTP exhibits the comprehensive applications in the surface modification of polymeric scaffolds [25, 29, 30] . In addition, LTP is also used to introduce some specific elements or functional groups onto the surface of polymer, such as protein [27] , peptide [31] , and polysaccharide [32] . Among the plasma techniques, dielectric barrier discharge (DBD) presents the advantages as compared to the conventional techniques which use electron, ion and photon beams to bomb the surface under vacuum condition. Using the DBD technique, the discharge can be operated at normal atmospheric pressure with various gases, e.g. corrosive gases, dry and humid gas [33] . More importantly, many functional groups can be intro-duced and grafted onto the surface after plasma treat-ment by altering working gas [34] , for example, -COOH group can be grafted by CO 2 plasma, -NH 2 or -NH-group can be grafted by NH 3 plasma, -OH and -CO-groups can be grafted by water/O 2 or air plasma. These grafted functional groups can improve the hydrophilicity of the material surface [30] .
In present work, to have the SF interaction with the PHBHHx surface stronger and improve the biocompatibility of the PHBHHx film, the surface of PHBHHx films was irradiated by DBD plasma at atmospheric pressure with argon as working gas, and then coated by SF. The optimal plasma irradiation time was evaluated by the water contact angle. The experiment of PHBHHx flushed by phosphate buffer solution (PBS) under the rate of physiologic blood flow was designed to test the strength of SF immobilization on the surface of plasmatreated PHBHHx films. The proliferation and morphologies of the human smooth muscle cells (HSMCs) cultured on the films were also investigated.
MATERIALS AND METHODS

Materials
PHBHHx powder (Mw = 100,000, x = 12 mol% for the HH content) was kindly donated by Prof. Guo-Qiang Chen in Tsinghua University, China. The PHBHHx was purified by dissolving it in the dichloromethane (CH 2 Cl 2 ) solution, and fully refluxed at 40℃ for half an hour, and then filtered through a piece of qualitative filter paper, and re-precipitated in n-hexane solution. The resultant solid sample was dried at room temperature for more than 24 hours, and stored in the desiccator for later use. About 0.6 g purified PHBHHx powder was dissolved in 10 mL CH 2 Cl 2 , and then the solution was cast on a glass plate in diameter of 60 mm in fume hood at room temperature for 24 hours. A film in thickness of 97 ± 1 μm was obtained.
The regenerated silk fibroin (SF) solution was prepared following the report of Mei et al [8] . In brief, raw Bombyx mori silk was degummed twice with 0.5 wt% NaCO 3 solutions at 100℃ for 1 hour and then washed with deionized water. The degummed silk was dissolved in 9.3 mol/L LiBr solution at room temperature. After dialysis against the deionized water for more than three days to remove LiBr salt, the solution was filtered to remove the impurities. The regenerated silk fibroin solution with concentration of ~ 2% (w/v) was obtained and further diluted to the concentration of 1% (w/v).
For easily and quantitatively probing the silk fibroin content in the dilute solution, the silk fibroin was labeled by fluorescein isothiocyanate (FITC) which can be detected by the fluorescent spectrometer. The FITC-labeled SF solution was prepared as follows: 20 mL 1% (w/v) SF solution was adjusted to pH = 7.0 by 0.01 mol/L NaOH solution, then 0.1 mg FITC powder (purity of 90%, J&K Chemical, Sweden) was added into the solution. The solution was stirred at 20℃ for 2 hours, and then stored at 4℃ for overnight, and then dialyzed against deionized water for four days. The water was refreshed every 3 or 4 hours to remove excessive FITC in the solution. The whole process was operated in a dim room. The final concentration of FITC-labeled SF solution was about 0.94% (w/v) and the solution was stored in the refrigerator at 4℃ for later use.
Surface Modification of PHBHHx Film
Atmospheric Plasma Treatment
The plasma treatment was carried out by a low temperature atmospheric plasma generator (CTP-2000K, Nanjing Shuman Ltd. Company, China) shown in Figure 1 . The quartz DBD generator was operated at a frequency of 20 MHz. The sample was irradiated by the plasma generated between two plate electrodes with diameter of 4 cm and distance of 2 cm (shown in Figure 1 ). The PHBHHx film in diameter of 1.5 cm was put on the ground electrode in the quartz chamber. The argon gas (purity of 99.9%) was conducted into a chamber which was connected to the air and the plasma was generated by the power of 50 W at atmospheric pressure. The plasma irradiating time was changed from 1 to 10 min- utes to determine an optimal irradiating time which was evaluated by the water contact angle of the film. The smaller water contact angle indicates the better wettability of the PHBHHx films.
Morphology measurement by SEM
The morphologies of pristine and plasma treated PHBHHx films were measured by the scanning electron microscopy (SEM). Briefly, sample was sputter-coated by an ultrathin gold layer for 60 seconds with current of 10 mA, and then observed by SEM (TS 5136MM, Tescan vega, Czech) with an accelerating voltage of 20 kV.
Measurement of Water Contact Angle
The water contact angle was measured by OCA 15 plus equipment (Data Physics, Germany) packaged with SCA-20 software. A drop of 1.5 μL of distilled water was dropped onto the sample surface and its contact angle (θ) was measured within 10 seconds. The contact angle was mean of the ten values.
Silk Fibroins Immobilization
The PHBHHx films were immediately immersed into 1% (w/v) SF solution for 30 min after plasma treatment, and then freeze-dried overnight under vacuum of 0.1 torr at -50℃. At the same time, PHBHHx film without plasma treatment was also immersed into 1% (w/v) SF solution for 30 min and freeze-dried as control.
Test of the Strength of SF Immobilization on the Plasma Treated PHBHHx Film
The strength of SF immobilization on the plasma treated PHBHHx film was tested by flushing the sample with PBS solution. In this experiment, both of the SF-coated PHBHHx films with and without plasma treatment were flushed by recycled 90 mL PBS buffer (pH = 7.4) for 30 min at the flow rate of 55 mL/min which mimicked the physiologic blood fluid in vivo. During flushing, 2 mL flushed solution was sampled every 10 min for the fluorescent measurement. The content of the flushed SF in the PBS solution was measured by the FITC fluorescent at 520 nm (FLS 920, Edinburgh Instrument, Switzerland) where FITC was labeled on the SF.
Human Smooth Muscle Cell (HSMCs) Isolation and Cells Culture in Vitro
HSMCs were isolated from the human umbilical artery obtained from Shanghai No.1 Hospital for the Protection of Mother and Baby's Health and puerperal informed consent, and the method of isolation was referred to the literature [24] . In brief, a 25 cm length of human umbilical vein was cleaned with the sterile gauze to remove blood contaminations, and then the vascular tunica media layer was prudently separated from the vein. The layer was thoroughly washed with serum free Dulbecco's modified eagle medium (DMEM, Gibco, USA) to wipe off the portion of connective tissue, and then cut into ten pieces of tissues in 1 mm 3 . Those pieces of tissues were put on the bottom of culture flask (polystyrene, Corning, USA) in a proper distance between each other and cultured in an incubator with saturated humid air and 5% CO 2 for 12 hours at 37℃ to allow the cells adhering and migrating in the flask. After most of tissues firmly attached on the bottom of flask, the culture medium (DMEM with 10% (v/v) fetal bovine serum (FBS, Hyclone, USA), 100 U streptomycin and 100 μg/ml penicillin) was added into the flask, just covering over the tissue pieces for continually culturing the cells in the incubator. The medium was refreshed every 2 days until the cells grew into the confluence by 80%. The cells were gently digested with 0.25% trypsinase-0.01% EDTA solution and passed into the next passage of cells for further culture. The cells within 5 to 8 passages were used in the study. , USA) ) can be reduced by the succinate dehydrogenase when the mitochondrial of living cells interact with the MTT and form the purple formazan deposits. MTT assay can quantitatively assess the metabolic activity of cells when the HSMCs are cultured on the studied films. Briefly, after the culture medium in the plate well was removed, the cells on the films were rinsed by serum free DMEM medium three times and then incubated continually with 400 μL DMEM medium and 40 μL MTT solution (5 mg/ml in PBS) for 4 h under the humid condition at 37℃, and then the insoluble purple formazan crystals were formed. The crystal was dissolved by 400 μL dimethylsulfoxide (DMSO, Sigma, USA) and 200 μL of the solution was transformed into a 96-well plate for the optical density (OD) measurement by a spectrophotometer (ELx800, BioTek, USA) at 565 nm. The 200 μL pure DMSO was used as blank control.
Cells Seeded on the Studied Films
HE Staining of HSMCs on the Studied Films
Hemotoylin and eosin (HE) staining is a traditional, fast and reliable histological staining method to observe the cells. In this study, the HSMCs cultured on the studied films for 3, 5 and 7 days were rinsed with PBS buffer, and fixed by 4% polyformaldehyde buffer solution (pH = 7.4) overnight at 4℃, and then dehydrated by the ethanol with gradually increased concentration of 50, 60, 70, 80, 90, 95 and 100% (v/v). The cells were stained with hemotoylin and eosin for 1 min respectively, and then gently washed with distilled water, and sealed with liquid paraffin. The cells were observed under the inverted light microscope (XDS-1B, Chongqing Optical Co., China) and recorded by a digital camera (Nikon D60).
Morphology Observation of HSMCs Growing on the Studied Films
Morphologies of the HSMCs cultured on the studied films for 3 and 7 days were observed by SEM. The HSMCs were fixed by 4% polyformaldehyde buffer solution (pH = 7.4) overnight at 4℃, subsequently, dehydrated by the ethanol with gradually increased concentration of 50, 60, 70, 80, 90, 95 and 100% (v/v), and then lyophilized overnight under vacuum of 0.1 torr at -50℃. Morphologies of the HSMCs cultured on the studied films were observed by SEM.
Statistical Analysis
Data were presented as means ± SD (standard deviation). Three values were measured for every sample. Statistical comparisons were performed using ANOVA one-way method (Origin   TM   ) . P < 0.05 was considered statistically significant difference between two data groups.
RESULTS AND DISCUSSION
Influence of Atmospheric Plasma Treatment on the Films
In this study, the PHBHHx films were irradiated by low temperature atmospheric argon/air plasma for time of 1, 2, 4, 6, 8 and 10 min. Plasma irradiation can break down the chemical bonds of the material to form free radicals, leading to the chemical composition rearranging and the surface roughening of polymeric matrix [33, 35] . After the plasma treatment, the surface morphology of PHBHHx film became rougher than that of pristine film shown in Figure 2 . The similar rough 'zones' were also observed when the PHBHHx film was irradiated by the ion implantation with fluence of 1×10 15 ions/cm 2 [20] . The hydrophilicity of the treated material surface was characterized by the water contact angles shown in Figure 3 . The results indicates that the water contact angles decreased from 90.3° to 70.4° when the films were irradiated by plasma from 1 min to 6 min, and reached a constant value around 72° when the irradiation time was longer. The decreases in the water contact angle are contributed to the plenty of hydrophilic groups, such as hydroxyl and carboxyl groups [25] formed on the surface of PHBHHx film after plasma treatment. The constant value of water contact angle is due to the hydrophilic functional groups saturated on the surfaces of films [27] .
Considering the efficient treatment and no destruction for the bulk polymer, 6 min of the plasma irradiation time was selected as an optimum treating time in our experiment. The following reports will no longer mention this treating time any more.
Strength of SF Immobilization on the Plasma Treated PHBHHx Films
The SF-coated PHBHHx films that with and without plasma treatment were flushed by PBS buffer for 30 min, and the FITC-labeled SF in the eluate was detected by the FITC fluorescence. The results are shown in Figure 4 . The fluorescence increases as the flushing time increases for the SF-coated PHBHHx film without plasma treatment, indicating that the SF are easily desorbed from the SF-coated PHBHHx film, whilst very low fluorescence intensity and nearly no significant fluorescence change are found for the SF-coated PHBHHx film with plasma treatment, indicating that the SF were firmly adsorbed on the plasma-treated PHBHHx film even though under the physiologic recycle-flow flushing condition, possibly due to the hydrophilic chemical groups newly grafted on the surface. Therefore, the plasma-treated PHBHHx film is an ideal substrate for SF immobilization, and would be as a potential candidate material for the artificial blood vein to bear the high sheer force of blood flow in vivo.
studied PHBHHx films up to 7 days were evaluated by MTT assay and HE staining method. The MTT assay results are shown in Figure 5 which demonstrates the relative optical densities (OD) of four types of the studied films. The high OD value indicates the high cell viability. From the Figure 5 , HSMCs seeded on the SF-coated PHBHHx film (SP) have the better cell viability than that on the PHBHHx film (P) after cultured for 7 days, which is consistent with our previous
Growth and Proliferation of HSMCs on the Studied Films
The growth and proliferation of HSMCs cultured on the results [7, 24] . Furthermore, the plasma-treated PHBHHx films (PP) better support the growth and proliferation of the cells than the SF-coated film without plasma treatment. Apparently, HSMCs seeded on the SF-coated PHBHHx film treated by plasma (SPP) show the highest OD values during culture days, indicating that the film is suitable for the HSMCs adhering and proliferating. Armentano et al. reported that the oxygen-based plasma treated poly (L-lactide) (PLLA) film could improve the human marrow stromal cells (HMSCs) adhesion and growth [36] . Similarly, Shen et al found that the 3T3 fibroblasts on the CO 2 plasma-treated poly (lactide-coglycolide) (PLGA) scaffold immobilized by the basic fibroblast growth factor (bFGF) showed the highest viability and the rapidest proliferation among the various PLGA scaffolds including those with and without plasma treatment and with bEGF immobilization [26] . These results substantially prove that plasma treatment for the material is an efficient method to improve the biocompatibility of the material. Moreover, the shuffle-like HSMCs were observed by HE staining, where the cell nuclei are in dark purple and the cytoplasm in red shown in Figure 6 . The HSMCs show the lower cell density on the P and SP films (Figure 6(a) and (b) ) than that on the SPP films (Figure 6(d) ) in 3 days culture, which show the highest cell den-sity among those studied films. In 7 days of cell culture, the proliferation of HSMCs on the pristine (Figure 6(a') ) and plasma-treated PHBHHx films (Figure 6(c') ) show the higher cell density than that in 3 days culture, and the HSMCs on the PP film ( Figure 6(c') ) not only expanded into the more cells than that on the P film (Figure 6(a') ) but also started to form the cell network. Moreover, the HSMCs on the SP film ( Figure 6(b') ) and SPP film (Figure 6(d') ) gradually form the larger cell sub-monolayer network than that on the PP film (Figure 6(c') ).
Morphologies of HSMCs Growing on the Studied Films
The morphologies of HSMCs growing on the films of P, SP, PP and SPP in 3 and 7 days culture were observed by SEM. In Figure 7 , the HSMCs on the P film show a low cell density without typical shuffle-like morphology at day 3 (Figure 7(a) ). Contrastively, the HSMCs growing on the SP, PP and SPP films show the higher cell density with the better cell shapes of shuffle-like morphology (Figure 7  (a') and (b')) . Similarly, Kim et al found that the human bone marrow stromal cells proliferated well to a larger area when attached to the hydrophilic surfaces than those of the hydrophobic surfaces, resulting in the formation of a more flatten morphology [30] . Also Lampin et al. [29] reported that the increase in the surface roughness of poly (methyl methacrylate) film in extent allowed the expansion of the migration of the chick embryo vascular and corneal cells and triggered the subconfluent cells to secrete the extracellular proteins. Accordingly, in our work, the plasma-treated PHBHHx film improves the roughness (shown in Figure 2 ) and hydrophilicity (shown in Figure 3) , leading to the larger amount of ECM secretion and the better cell migration.
CONCLUSION
In this work, PHBHHx films were irradiated by the low temperature atmospheric plasma for 6 min, resulting in an increased roughness and improved hydrophilic surface with low water contact angle. The SF-coated PHBHHx films treated by the plasma were flushed by PBS buffer under the rate of physiological blood flow, proving that SF on the plasma-treated surface have better immobilization strength than that on the surface without plasma treatment. A significant increase in the proliferations of HSMCs is present on the SF-coated PHBHHx films with plasma treatment, and the cell sub-monolayer and the secreted ECM are also formed well on these films.
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